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ABSTRACT
A study was conducted to investigate coagulation efficiency of the plant Dicerocaryum eriocarpum (DE) in the removal of 
turbidity from raw water. Widespread poor land use practices contribute to high turbidity in river water, making turbidity 
management or removal critical, particularly before the water is used for drinking or subjected to chemical treatment. In 
this study, mucilage from DE was extracted with deionized water and different chloride solutions. A coagulation efficiency of 
99% using modified mucilage coagulant was achieved. The modified mucilage of potassium crude extract and sodium crude 
extract displayed higher coagulation efficiencies than unmodified mucilage of deionized water crude extract. An increase in 
coagulant dosage and initial turbidity influenced the coagulation efficiency of DE coagulant. A large reduction in turbidity 
levels of the treated water samples resulted in an improvement in water quality. 
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INTRODUCTION 
The coagulation process is independently capable of removing 
soluble organic and inorganic constituents or colloidal phase 
impurities, including microorganisms; coagulation is thus of 
great importance in water treatment. Natural plant coagulants 
are promising materials for drinking water and wastewater 
treatment because they offer similar functions to inorganic 
coagulants and are also able to satisfy the guidelines for drinking 
water standards (Yin, 2010). Plant coagulants are also biode-
gradable and thus seen as more environmentally friendly than 
inorganic coagulants.
Turbidity removal reported for a number of identified natu-
ral plant coagulants has been impressive in purification of both 
raw and prepared turbid water. Various studies have used guar 
gum (Pritchard et al., 2009), Moringa oleifera (Ndabigengesere 
et al., 1995; Okuda et al., 1999, 2001; Abaliwano et al., 2008), cac-
tus species (Diaz et al., 1999; Zhang et al., 2006), and common 
beans (Antov et al., 2010). In each of the above studies, natural 
plant coagulants showed high performance efficiency in turbidity 
removal. Pritchard et al. (2010) and Abaliwailo et al. (2008) also 
demonstrated the potential of natural plant coagulants to reduce 
the number of microorganisms (coliforms) in water via their 
anti-microbial properties. The potential of a natural plant to act 
as a coagulant seems to be associated with their polyelectrolytes 
and biochemical properties (Yin, 2010). 
Dicerocaryum eriocarpum (DE) (Pedaliaceae) is a plant spe-
cies common in grasslands and is known by the common name 
’devil’s thorns’ (Bassey et al., 2016). DE plants have a range of 
uses. Most of the plant parts, including the leaves, flowers, stem, 
and seed shell, contain mucilage and are slippery when exposed 
to water. If the plant is crushed and left overnight in water, the 
resultant mucilage from the leaves becomes a useful substitute 
for soap and shampoo (Van Wyk and Gericke, 2000). In terms 
of medicinal purposes, DE can be used for antibacterial (Luseba 
et al., 2007) and ethnoveterinary medicines (Van Der Merwe 
et al., 2001). Parts of the plant have been used to treat diseases in 
the rural areas of the Vhembe District, South Africa. 
However, there is a general lack of information regarding the 
use of DE as a coagulant in water purification. Understanding 
the potential of DE in turbidity removal will enhance its applica-
tion and use in water treatment in rural communities, in particu-
lar in Vhembe District, South Africa, where it is available locally. 
Preliminary laboratory studies showed that DE mucilage has the 
potential to purify water but takes days to do so. The slow rate 
of turbidity removal by DE coagulant highlighted the need to 
improve its coagulation efficiency. This study therefore focused 
on improving DE coagulation efficiency for turbidity removal.
MATERIALS AND METHODS
Coagulant used
DE plant materials were collected from Nzhelele Village, 
Limpopo Province, South Africa, from farmlands and natural 
vegetation. The plant sample was taken to the botanical labora-
tory in the School of Natural Sciences, University of Venda, 
and was identified by a botanist to be Dicerocaryum eriocarpum 
(Pedaliaceae).
Preparation of DE
Plant leaves were detached from the stem, washed with tap water 
and rinsed with de-ionized water to remove dirt, soil particles 
and debris that may have been deposited on the leaves from the 
soil and atmosphere.
Preparation of solution used in extracting DE mucilage 
Different solutions were used in the extraction of DE mucilage. 
These included: de-ionized water, potassium chloride solution 
and sodium chloride solution. Concentration of 1 mol/L solution 
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of KCl and NaCl solutions were prepared from their respective 
salts by weighing out 7.8 g of KCl and 5.8 g of NaCl salt and dis-
solving each salt in de-ionized water to make 100 mL of solution. 
Note: purity of the potassium chloride salt was 96% which is why 
7.8 g was used in this study.
Extraction of DE mucilage
An appropriate amount of fresh leaves was suspended in hot 
(80°C) de-ionized water, NaCl solution and KCl solution, respec-
tively, and stirred for 30 min, with the aid of a magnetic stirrer. 
Hot water is able to extract mucilage from DE leaves within a 
shorter space of time than cold water. Thereafter the mixture was 
allowed to stand for 1 h at room temperature. In this process, 
thick viscous, slimy, foamy crude mucilage was extracted from 
the DE leaves. The final concentration of transparent mucilage 
solution was recovered by filtration using 0.45 µm filter paper 
with the aid of a suction pump. 
Determination of mucilage concentration 
The filtrate mucilage in liquid form was converted into solid 
form to determine the mucilage concentration. Ethanol was 
added to the filtrate mucilage in a quantity that was three times 
the volume of the total filtrate, as described by Mudadi et al. 
(1993). The mixture was stirred for 30 min and kept overnight at 
a room temperature to allow it to form a precipitate. The mix-
ture was centrifuged to produce a greyish thread-like substance 
(solid) as precipitate mucilage and recovered by filtration using 
0.45 µm cellulose acetate filter paper. The recovered precipitate 
was washed again with de-ionized water, dried and ground to a 
fine powder. Mucilage concentration was determined as muci-
lage wet mass/dry mass. 
This same process was applied solely and then to all the 
filtrates, which included: deionized-water mucilage, KCl-solution 
mucilage and NaCl-solution mucilage. The mucilage concentra-
tion of DCE, NCE and KCE was 6% representing 100 mL crude 
solution for each coagulant. The concentration varies with opti-
misation of coagulant dosage. 
In this paper the crude mucilage extracted using differ-
ent solutions is identified as follows: de-ionized water crude 
extract is represented as DCE, NaCl solution crude extract is 
represented as CE and KCl solution crude extract is represented 
as PCE. 
Preparation of turbid water
The turbid water used in this study was collected from Mvudi 
River, Vhembe District, using a 5-L plastic container. The water 
samples were collected according to the commonly accepted 
sampling protocols of Hermond and Fechner-Levy (2000). The 
turbidity of untreated and treated raw water samples was meas-
ured using a TB200 Portable Turbidimeter (Orbeco-Hellige, 
Germany). The collected water samples were kept in a cooler 
box and transported to the laboratory. The samples were filtered 
in the laboratory and kept in a fridge at 4°C to prevent bacterial 
activity prior to application in the coagulation experiments. Tap 
water was used to dilute the turbid raw water in order to obtain 
the desired turbidity levels used in this study, as described by 
Ndabigengesere et al. (1995) and Okuda et al. (1999). 
Coagulation test
A coagulation experiment was carried out using a series of 
550 mL volumetric beakers filled with 500 ml of turbid water 
sample. Coagulation activities of unmodified and modified DE 
mucilage were assessed by addition of a known amount (opti-
mised) of coagulant dosage to each turbid water sample. It was 
immediately followed by rapid agitation for 2 min at 250 r/min 
and then slow agitation for 30 min using a magnetic stirrer at 
40 r/min. After sedimentation, 15 mL of the sample was col-
lected from the middle of the flask. Sedimentation time was 
from 0–18 h. EC and pH were not adjusted throughout the 
experiment. Turbidity, pH and EC of the treated water samples 
were assessed in accordance with the drinking water standards 
of DWAF (1996/1999), WHO (2006) and USEPA (2009). The 
pH and EC of the water samples were measured using a port-
able Thermo Scientific Orion (5 Star Thermo Scientific Orion, 
Germany) equipped with a pH electrode integrated with a stand-
ard conductivity cell.
Optimisation of parameters
In order to determine the coagulation efficiency of DE, differ-
ent parameters were optimised by varying one parameter while 
keeping the others constant. 
The influence of these parameters was evaluated by calculat-
ing the turbidity removal efficiency as: 
 
(1)
where: NTU = nephelometric turbidity units
RESULTS AND DISCUSSION
Coagulation studies
Effect of settling time
Removal of turbidity in raw water involves coagulation, sedi-
mentation and filtration. Increase in settling time influenced 
coagulation efficiency of DE mucilage (Fig. 1). It was observed 
that after 0 to 6 h of sedimentation the turbidity removal effi-
ciency of DE mucilage was generally low. SCE, PCE and DCE 
removal efficiencies were 79, 69 and 34%, respectively, after 
0 to 6 h. Generally, coagulation efficiency was greatly enhanced 
by increase in settling time from 0 to 18 h. SCE and PCE coagu-
lants showed the best performance in terms of turbidity removal 
(Fig. 1). SCE and PCE recorded coagulation efficiencies of 
99% and 98%, respectively, while DCE coagulation efficiency 
increased greatly with an increase in settling time, to 92%.
This study also confirms that sedimentation alone without 
coagulation can only remove large coarse suspended solids, as 
previously reported by Ndabigengesere et al. (1995). With addi-
tion of coagulants, the tiny colloidal particles in the raw water are 
entrapped. This results in the formation of insoluble precipitate 
(large flocs) that can easily settle; sedimentation time, therefore, 
plays a key role in removal of turbidity.
Coagulation efficiency of modified and unmodified mucilage
The highest turbidity removal obtained from the turbid water 
samples was achieved by SCE followed by PCE (Fig. 2). The final 
turbidity recorded after addition of SCE, PCE and DCE coagu-
lants was 1.95, 2.84 and 15.13 NTU, respectively, from an initial 
turbidity of 209.9 NTU after 18 h of settling time. 
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There was no significant difference in the coagulation effi-
ciency of PCE and SCE coagulants. Coagulation efficiencies of 
SCE and PCE coagulants were significantly higher than that of 
DCE coagulant. This indicates that the coagulation efficiency 
of DE mucilage was greatly improved by the modification of 
the crude extract. Similar results were reported by Okuda et al. 
(1999) and Ghebremichael et al. (2005) where extraction of 
Moringa oleifera (MO) using salt solution instead of distilled 
water improved its coagulation efficiency. 
The increase in coagulation activity in the modified mucilage 
is largely attributed to the chloride salts present in the mucilage, 
which increase its ionic strength. PCE and SCE coagulants were 
able to trap the negatively-charged colloidal particles easily due 
to their chloride salts and to retain them inside the mucilage 
cell walls. 
The low coagulation activity observed in unmodified muci-
lage (DCE) can be attributed to the repulsion force between DCE 
mucilage and negatively-charged colloidal particles. It can also 
be attributed to the low ionic strength in the DCE mucilage. Lin 
et al. (1989) confirmed that the most suitable method to modify 
an anionic polymer is by introducing chloride salts into the cell 
walls. In all reported cases the use of salt solutions in extraction 
of DE mucilage has increased its coagulation efficiency. 
Influence of SCE dosage on turbidity removal
The high level of coagulation activity displayed by SCE coagu-
lant led to it being chosen for use in further optimisation stud-
ies. Results of coagulation experiments using SCE coagulant 
at dosages ranging from 5 to 40 mL are displayed in Fig. 3. At 
dosages of 10–20 mL, optimum removal efficiency of 78.8% 
was recorded within 12 h of settling time. Further increase in 
the dosage of SCE coagulant to 40 mL decreased the removal 
efficiency to 74.8%. The results obtained from this study show 
that SCE dosage influences coagulation efficiency. The maximum 
removal of turbidity was achieved at between 10 and 20 mL of 
coagulant dosage. 
The decrease in the coagulation efficiency of SCE when 
40 mL dosage was added to the turbid water can be attributed 
to the early saturation of the mucilage sites by colloidal particles 
(cell walls). This leads to the dispersion of colloidal particles due 
to there being an insufficient number of particles to form inter-
particle bridging. It also reduced the mechanical strength of SCE 
coagulant, reduced the formation of flocs and delayed sedimen-
tation. The results of this study are consistent with that reported 
by Ndabigengesere et al. (1995) and Okuda et al. (2001). 
At low coagulant dosage of 5 mL the coagulation effi-
ciency was 65.8%, showing that little coagulation occurred at 
low coagulant dosages. With an increase in SCE dosage from 
5 to 20 mL, the maximum reduction in turbidity was observed 
(78.8%). The low coagulation efficiency observed when 5 mL 
coagulant dosage was added can be as a result of the diffusion of 
mucilage into the colloidal particles. At low dosage the coagulant 
easily diffuses into the colloidal particles, resulting in low aggre-
gation and less formation of flocs. While at optimum dosage, 
the mucilage is able to cover the surface of the colloidal particles 
without diffusing into it. This causes the formation of large flocs 
and precipitation leading to a high reduction in turbidity and 
rapid sedimentation. 
Results of this study support the results of Lin (2008), and 
similar studies have also documented that coagulation effi-
ciency of natural plant coagulants increases with increase in the 
coagulant dosage (Ndabigengesere and Narasiah, 1998; Zhang 
et al., 2006). It was observed that coagulant dosage is critical for 
improving the coagulation efficiency of SCE coagulant. 
Effect of changes in initial turbidity
The results of optimising the level of turbidity, ranging from 
65 NTU to 380 NTU, is given in Fig. 4. The worst performance 
was observed in less turbid water (65 NTU) resulting in a 
Figure 1
The effect of settling time on coagulation efficiency. Parameters held 
constant: Initial turbidity (209.9 NTU), dosage (20 mL)
Figure 2
Final coagulation activity of mucilage extracted from different solutions. 
Parameters held constant: Initial turbidity (209.9 NTU), dosage (20 mL) 
and settling time (18 h).
Figure 3
Influence of SCE dosage on turbidity removal. Parameters held constant: 
Initial turbidity (160 NTU) and settling time (12 h)
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coagulation efficiency of 34.3%. Coagulation efficiency increased 
substantially with an increase in the initial turbidity from 
220 NTU to 380 NTU, resulting in an increase in coagulation 
efficiency from 67% to 71%, within 12 h of settling time. Thus it 
was shown that SCE coagulant is more effective as a coagulant in 
highly turbid water than in less turbid water. 
The increase in coagulation efficiency of SCE in highly turbid 
water (220–380 NTU) can be attributed to the increase in the 
number of particles in the water, which increases aggregation 
and floc formation. The efficiency of SCE coagulant in removal 
of turbidity is also dependent on the nature and amount of col-
loidal particles present in the turbid water. For example, water 
samples with high turbidity enhance the formation of large flocs, 
rapid sedimentation and increased coagulation efficiency.
The low coagulation efficiency observed for less turbid water 
(65 NTU) can be attributed to an insufficient number of colloidal 
particles present to form large flocs. This delays sedimentation 
due to the slow rate at which small particles can form large flocs. 
Understanding the interactions and properties of coagulant spe-
cies and colloidal particles in the water sample is important in 
improving the coagulation efficiency of natural plant coagulants.
Most studies conducted on plant-based coagulants 
have reported similar results showing that natural mate-
rial is more efficient in turbidity removal for highly turbid 
water (> 100 NTU) than for less turbid water (< 100 NTU) 
(Ndabigengesere et al., 1995; Pritchard et al., 2010). The excep-
tion was Okuda et al. (1999), who reported that Moringa oleifera 
extracted with salt solution was highly efficient in the treatment 
of less turbid (50 NTU) water. However, the variation in the 
results can be attributed to the difference in chemical composi-
tion of the same plant species at different locations. 
Mechanism of coagulation
The difference in the nature of the floc particles formed by each 
coagulant suggests that the coagulation mechanism of mucilage 
extracted from various solvents differs. The flocs formed by 
PCE and SCE were tiny orange-coloured particles and spherical 
in shape, while the flocs formed by DCE coagulant were thick, 
brownish, and cobweb-like in structure. It was based on the 
above characteristics that the coagulation mechanisms of DCE, 
SCE and PCE were inferred in this study. 
It is suggested that the mechanism of coagulation of DCE 
is via repulsion between particles and mucilage. According to 
Saenz et al. (2004), natural mucilages derived from plants are 
carbohydrate polymers that are negatively charged. DCE coagu-
lant and the colloidal particles are likely to have similar charges 
(negative) since it has been established that clay particles sus-
pended in water are negatively charged (Black and Sidney, 1961; 
Black and Manuel, 1969).
Even with a strong repulsive force between the coagulant 
and colloidal particles, it was still possible for some coagula-
tion activity to occur. This can be attributed to coagulant and 
colloidal particles being able to overcome the repulsion after 
encounters with each other over time (Lin et al., 1989). This 
implies that particles collide many times before sticking together. 
This occurs between the colloidal particles and the polymer 
chain of the mucilage, resulting in formation of flocs inside the 
mucilage walls. 
The above postulations also agree with the observation of 
Miller et al. (2008), who investigated the use of anionic mucilage 
from Opuntia species in removal of turbidity in water. Miller 
et al. (2008), however, suggested that the coagulation mechanism 
of Opuntia species, the mucilage from which is also negatively 
charged, is via adsorption and bridging, whereby clay particles 
do not contact one another but are bound to polymer-like mate-
rial from Opuntia species. 
It is also proposed that the SCE and PCE coagulation mecha-
nisms occurred via a double-layer interaction. This seems to be 
achieved by charge neutralisation due to the presence of posi-
tively-charged ions Na+ and K+ in the modified mucilage. This 
increases the positive and negative charge interaction between 
particles. The increase in ionic strength of the modified mucilage 
leads to a weaker repulsive force between the particles. 
The increase in ionic strength also leads to a reduction in 
the negatively-charged potentials of both mucilage and colloidal 
particles, and enhances rapid particle aggregation and permits 
closer clustering of the polymer and particles which then settles 
easily. Flocs in PCE- and SCE-treated water samples were thus 
formed via electrostatic patching while DCE flocs were formed 
via enmeshment. Lin et al. (1989) observed that electrostatic 
patching or charge neutralisation can cause coagulation faster 
than enmeshment, which explains the high coagulation activity 
of PCE and SCE relative to DCE recorded in the current study. 
Water quality
The quality of the treated water samples was assessed according 
to the drinking water guidelines of DWAF (1996/1999), WHO 
(2006) and USEPA (2009), as presented in Table 1. The turbid-
ity values show that after treatment with modified mucilage 
coagulants, the turbidity values exceeded the DWAF (1996/1999) 
guideline but were within the acceptable drinking water standard 
of WHO (1996) and USEPA (2009). Meanwhile the turbidity of 
the water samples treated with unmodified mucilage coagulant 
did not meet the required standards of DWAF (1996/1999), 
WHO (2006) and USEPA (2009). The pH value of water sam-
ples treated with DCE, SCE and PCE coagulants complied with 
DWAF (1996), WHO (2006) and USEPA (2009) standards. A 
high quality of treated water was attained, especially with the use 
of modified coagulants. 
Comparing the performance of DE with other plants in 
water treatment
Dicerocaryum eriocarpum plant coagulation efficiency was able 
to compete with the performance of other plant coagulants, 
Figure 4
Effect of initial turbidity on the coagulation efficiency. Parameters held 
constant: dosage (20 mL) and settling time (12 h)
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especially when it has been modified. The quality of the water 
treated with both modified and unmodified DE mucilage 
remained potable after days of treatment without the develop-
ment of organic load. Similar results were obtained by Saenz 
et al. (2004) using Opuntia spp mucilage. This is unlike Moringa 
oleifera, which was reported by Ndabigengesere and Narasiah, 
(1998) and Okuda et al. (2001) to produce odour and organic 
load after days of treatment. The major disadvantage of using DE 
is the long settling time compared to other natural plant-derived 
coagulants that require a maximum of 1 h of sedimentation time. 
This may be due to the nature of the active agents present in 
the mucilage. 
CONCLUSION 
Modified DE has been successfully shown to have the potential 
to reduce turbidity with a coagulation efficiency of up to 99%. 
Significantly, this study has established that coagulation effi-
ciency of DE coagulant can be improved from days to hours, 
with a huge decrease in the turbidity levels of the treated water 
after maximum sedimentation time. The study has shown that 
addition of chloride salts in the extraction of DE mucilage 
substantially improved the coagulation efficiency of DE. The 
chloride salts are highly recommended for use in extraction 
because they are cheap and do not adversely affect the pH or the 
EC of the treated water; they are also easy to use and require a 
simple process. The study established that modified DE mucilage 
can guarantee good water quality corresponding with potable 
drinking water standards, making it suitable for drinking and 
ensuring no ill-health impacts on humans. However, further 
study is required to investigate the active agent of coagulation in 
DE plants.
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